1. Introduction {#sec1}
===============

The heart muscle contains a large number of mitochondria to meet the high-energy demands of the contracting cardiomyocytes. Mitochondria in cardiomyocytes are highly organized and arranged compactly between contractile filaments (interfibrillar), adjacent to the sarcolemma (subsarcolemmal), and in the perinuclei. Mitochondria are highly dynamic organelles that constantly undergo fission and fusion to maintain their shape, distribution, and size to adapt to changes in the cellular environment. Mitochondrial fission is regulated by cytoplasmic GTPase dynamin-related protein 1 (Drp1). This protein translocates to mitochondrial fission sites on the outer mitochondrial membrane where it interacts with multiple adaptor proteins, including mitochondrial fission 1 (Fis1), mitochondrial dynamics proteins of 49 and 51 kDa (MiD49/51), and mitochondrial fission factor (Mff) \[[@bib1],[@bib2]\]. Mitochondrial fusion is regulated by optic atrophy type 1 (OPA1) located on the inner mitochondrial membrane and mitofusins (Mfn1 and Mfn2) located on the outer mitochondrial membrane. OPA1 is a dynamin-like GTPase with a mitochondrial import sequence (IMS) that directs the protein to the intermembrane space and cristae. Mitochondria contain various OPA1 isoforms generated by alternative splicing as well as proteolytic processing \[[@bib3],[@bib4]\]. The cleavage of the mitochondrial targeting sequence produces the long isoforms (L-OPA1) anchored to the inner mitochondrial membrane. Approximately half of these L-OPA1 are constitutively processed by mitochondrial proteases to generate the short isoform (S-OPA1) \[[@bib3], [@bib4], [@bib5]\]. Overall, there are five isoforms of OPA1, including the long uncleaved OPA1 isoforms (L-OPA1, isoform *a* and *b*) and the short, cleaved OPA1 isoforms (S-OPA1: isoform *c*, *d*, and *e*).

Mitochondria contain compartmentally based proteases: mitochondrial matrix localized [l]{.ul}on peptidase I (LonP1), caseinolytic mitochondrial matrix peptidase proteolytic subunit (ClpP), and mitochondrial inner membrane AAA family proteases (ATPases associated with diverse cellular activities) including YME1L1 \[[@bib6]\] and OMA1 \[[@bib7]\]. Both YME1L1 and OMA1 act as critical regulators of key mitochondrial functions, including inner membrane proteostasis and mitochondrial dynamics, by maintaining a balance among the five OPA1 isoforms through proteolytic processing of OPA1. L-OPA1 (*a* and *b*) is constitutively cleaved by YME1L1 to create the *d* isoform, which promotes the maintenance of tubular mitochondrial morphology. Stress-activated OMA1 processes all L-OPA1 isoforms (*a* and *b*) to the short isoforms (*c* and *e*) that promote mitochondrial fragmentation \[[@bib8]\]. Moreover, mitochondrial proteases play a critical role in the regulation of mitochondrial dynamics and are also essential for the surveillance of the OXPHOS machinery, which is constantly susceptible to oxidative damage due to its continuous production of reactive oxygen species (ROS). Therefore, a balance between fission and fusion events is required for mitochondrial homeostasis; an imbalance leads to cardiac pathologies such as ischemia-reperfusion injury, heart failure, and diabetic cardiomyopathy \[[@bib9]\]. For instance, excessive Drp1‐mediated fission leads to mitochondrial fragmentation, mitochondrial membrane depolarization, increased ROS generation, and oxidative stress, which lead in turn to the development of mitochondrial dysfunction \[[@bib10],[@bib11]\]. Therefore, the reduction of mitochondrial fission by inhibiting Drp1 under these conditions is believed to be protective.

Among the mitochondrial fission inhibitors, in a chemical library screen for 23,100 compounds that influence mitochondrial morphology in yeast, mdivi-1 was identified as a cell-permeable quinazolinone derivative inhibitor of Drp1 \[[@bib12]\]. However, in this study, mdivi-1 failed to inhibit the GTPase activity of recombinant human Drp1 and its activity with respect to mammalian Drp1 was not determined due to technical issues related to the mammalian Drp1 preparations. Mdivi-1 may impair Drp1 function by acting allosterically and preventing Drp1 oligomerization on the mitochondrial membrane, suggesting that mdivi-1 may prevent Drp1 self-assembly into rings and its association with mitochondria \[[@bib12]\]. Since its discovery, mdivi-1 has widely been considered to be a small-molecule inhibitor of Drp1, used extensively in multiple cell types and organs under different disease conditions \[[@bib13],[@bib14]\]. We also recently reported that inhibition of aberrant mitochondrial fission by mdivi-1 in cardiomyocytes expressing proteotoxic mutant-desmin results in preserved mitochondrial function and decreased apoptotic cell death \[[@bib15]\]. Similarly, mdivi‐1 has also been shown to confer cytoprotection in ischemia‐reperfusion injury \[[@bib9],[@bib16]\] and doxorubicin‐induced cardiomyopathy \[[@bib17]\] by reducing the production of ROS, attenuating cytosolic calcium overload, restoring mitochondrial membrane potential, and delaying hypercontracture of cardiomyocytes. Treatment with mdivi-1 resulted in significantly increased mitochondrial content, complex I enzymatic activity, and ATP levels in the *db/db* mouse hippocampus \[[@bib18]\]. However, mdivi-1 treatment in cancer cells decreased proliferation and increased cell death and apoptosis through DRP1 inhibition or a mitochondrial fusion induction-independent mechanism. Similarly, mdivi-1 has been reported to function as a reversible inhibitor of mitochondrial complex I, affecting mitochondrial respiration in COS-7 cells and primary neurons without changing mitochondrial morphology \[[@bib19]\]. Additionally, mdivi-1 has also been shown to impair DNA replication and repress mitochondrial respiration independent of Drp1 in multidrug-resistant tumor cells \[[@bib20]\]. In contrast, mdivi-1 treatment under high-glucose induced energy stress increased complex I activity and mitochondrial density in human neuronal SK cells \[[@bib18]\]. Taken together, the data from these studies demonstrate a context- and cell type-dependent molecular function of mdivi-1 mediated through Drp1 dependent/independent pathways.

The aim of our study was to determine the pleiotropic effects of mdivi-1 that could negatively impact cardiomyocyte function, limiting its long-term use in cardiovascular diseases. We observed the effects of mdivi-1 on the expression of proteins involved in mitochondrial dynamics and OXPHOS regulation, mitochondrial respiration, and autophagic activity in cardiomyocytes. We reported the pleiotropic effects of mdivi-1 on cardiomyocytes including decreased Drp1 expression, L-OPA1 proteolytic cleavage, decreased Complex I protein expression, and inhibition of autophagy activity. We also observed altered expression of the mitochondrial proteases responsible for OPA1 proteolytic processing associated with the degradation of L-OPA1.

2. Material and methods {#sec2}
=======================

*Materials.* The materials used are as follows: αMEM (Gibco), DMEM (Gibco), FBS (Gibco), Cell Lytic M (C2978, Sigma-Aldrich), Antibiotic-antimycotic solution (Gibco), Complete Protease Inhibitor Cocktail (Roche), pre-cast 7.5%--15% Criterion Gels (BioRad), mdivi-1 (M0199, Millipore Sigma), carbonyl cyanide *m*-chlorophenylhydrazone (CCCP) (C2759, Millipore Sigma), MitoSOX™ Red (M36008, Invitrogen), Bafilomycin A1 (B1793, Sigma-Aldrich), Oligomycin (Sigma-Aldrich), FCCP (Sigma-Aldrich), Rotenone (Sigma-Aldrich), Antimycin A (Sigma-Aldrich), Ponceau S (Acros Organic), and Vectashield Hardset (Vector Labs, H1400).

*Animals.* Timed-pregnant female Sprague Dawley rats were purchased from Charles River Laboratories International, Inc. (Portage, MI) to isolate primary neonatal rat ventricular cardiomyocytes from 1- to 2-day-old rat pups. All procedures for handling animals complied with the Guide for Care and Use of Laboratory Animals and were approved by the ACUC Committee of LSU Health Sciences Center-Shreveport. All animals were cared for according to the National Institutes of Health guidelines for the care and use of laboratory animals.

*Neonatal rat cardiomyocyte (NRC) isolation and culture.* NRC were isolated from the ventricles of 1- to 2-day-old Sprague-Dawley rat pups as previously described \[[@bib15],[@bib21]\]. The ventricular tissues collected from the rat pups were digested with collagenase at 37 °C overnight and then further digested in trypsin. Cardiac fibroblasts were removed by preplating and the isolated cardiomyocytes were plated at 1.5 × 10^6^ cells per 10-cm^2^ plate in αMEM (Gibco) containing 10% FBS (Gibco) and 1% antibiotic-antimycotic (Gibco). Cells underwent different adenoviral infections or siRNA transfections 24 h after plating and were maintained in DMEM (Gibco) containing 2% FBS and 1% antibiotic-antimycotic solution.

*Recombinant adenovirus infection.* We prepared adenoviral constructs containing wild-type Atg7 by cloning into a pShuttle-CMV vector; replication-deficient recombinant adenoviruses were made using the AdEasy system (Agilent Technologies) \[[@bib21]\]. To overexpress Atg7, NRC were infected with Atg7 carrying an adenoviral vector (0--10 multiplicity of infection (MOI)) for 2 h in DMEM media without serum or antibiotics. After 2 h, media were changed to regular culture media. Plates infected with adenovirus expressing β-galactosidase served as controls for all of the experiments.

*siRNA knockdown in cardiomyocytes.* A pool of siRNAs (Invitrogen) was tested for their capacity to reduce Drp1 and p62 protein levels in NRC using methods described previously \[[@bib21]\]. We used three different siRNAs for both Drp1 and p62 to silence endogenous protein expression. Twenty-four hours after plating, cells were transfected with siRNA with Lipofectamine 2000 (Invitrogen) in OptiMem (Gibco) media overnight \[[@bib21]\]. After 16 h, media were changed to regular culture media. A non-specific siRNA was used as a negative control in all silencing experiments. To overexpress Atg7 on p62 siRNA knockdown NRC, cells were first transfected with p62 siRNA and then infected with the Atg7 adenovirus overexpression. Cells were harvested using Cell Lytic M (Sigma-Aldrich) with a protease and phosphatase inhibitor cocktail (Roche) for analysis using Western blot.

2.1. Drp1 siRNA (Invitrogen) {#sec2.1}
----------------------------

siRNA1: CCGUGACAAAUGAAAUGGUACAUAA and UUAUGUACCAUUUCAUUUGUCACGG; siRNA2: GCCAUGCUGUCAAUUUGCUAGAUGU and ACAUCUAGCAAAUUGACAGCAUGGC; siRNA3: CGAGAACAGCGAGAUUGUGAGGUUA and UAACCUCACAAUCUCGCUGUUCUCG;

2.2. p62 siRNA (Invitrogen) {#sec2.2}
---------------------------

siRNA1: CGGUGAAGGCCUAUCUACUGGGCAA and UUGCCCAGUAGAUAGGCCU UCACCG;

siRNA2: CAACGUGAUUUGUGAUGGUUGCAAU and AUUGCAACCAUCAC AAAUCACGUUG;

siRNA3: CCUGUGGUGGGAACUCGCUAUAAGU and ACUUAUAG CGAGUUCCCACCACAGG;

*mdivi-1, CCCP, and antimycin A treatment.* NRC were treated with mdivi-1 (100 μmol/L) or a vehicle 72 h after plating for different time points. A stock solution with a concentration of 40 mmol/L mdivi-1 in dimethyl sulfoxide (DMSO) was used to treat cells, and an equal volume of DMSO was used as the vehicle. For the Atg7 overexpression experiment, NRC were treated with mdivi-1 72 h after infection. In the p62 siRNA knockdown experiments, mdivi-1 treatment was performed 96 h after transfection. CCCP treatment was performed in NRC for 3 h at a concentration of 10 μmol/L. The treatment was performed 21 h after mdivi-1 treatment in NRC with no replacement of media. An equal volume of DMSO was used as the vehicle. In the same way, 21 h after mdivi-1 treatment, NRC were treated with antimycin A (AA) for 3 h at a concentration of 10 μmol/L.

*Mitochondrial respiration.* The mitochondrial oxygen consumption rate in NRC was measured with an XF24 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica, MA) using methods described previously \[[@bib15],[@bib22],[@bib23]\]. NRC were seeded at a density of 8 × 10^4^ cells/well into gelatin-coated Seahorse Bioscience XF microplates and grown in DMEM (Gibco) containing 2% FBS (Gibco) and 1% antibiotic-antimycotic solution (Gibco) \[[@bib15]\]. To measure the effect of mdivi-1 in mitochondrial OCR, NRC (48 h after plating) were treated with mdivi-1 (100 μmol/L) or vehicle for 24 h. NRC were incubated with DMEM (containing no glucose and pyruvate; Gibco) supplemented with 10 mmol/L glucose and 2 mmol/L pyruvate in a CO~2~-free incubator at 37 °C for 1 h before loading the plate in the XF24 analyzer. The OCR was measured with the sequential addition of oligomycin (1 μmol/L), FCCP (4 μmol/L), and rotenone (0.5 μmol/L) plus antimycin A (0.5 μmol/L) at specified time points. The OCR values were normalized to total protein content in the corresponding wells and expressed as pmol/min/μg protein \[[@bib15]\].

*Mitochondrial superoxide production assay.* The production of superoxide by mitochondria was visualized using MitoSOX™ Red reagent in conjunction with fluorescence microscopy \[[@bib24]\]. Isolated NRC were plated on Lab‐Tek II chamber slides (Thermo Scientific, 154461) at a seeding density of 1 × 10^5^ cells per well. Seventy-two hours after the cells were plated, NRC were treated with mdivi-1 (100 μmol/L) or vehicle dissolved in NRC culture media (DMEM containing 2% FBS and 1% antibiotic-antimycotic solution; Gibco). Twenty-four hours after mdivi-1 treatment, NRC were stained with MitoSOX™ Red reagent (5 μM, M36008, Invitrogen) dissolved in NRC culture medium for 15 min followed by immediate fixation with 4% paraformaldehyde in NRC culture media. Cells were subsequently washed and mounted with Vectashield Hardset antifade mounting media for fluorescence (Vector Laboratories). Cardiomyocytes were then observed using a Nikon A1R high-resolution confocal microscope (Nikon Instruments Inc., Melville, NY) and imaged with Nikon NIS elements software (v4.13.04) with a 60x oil objective lens (NA = 1.4) \[[@bib21],[@bib22]\]. All image acquisition was performed in an investigator‐blinded manner.

*Autophagic flux.* For the assessment of autophagic flux, LC3B II protein levels were quantified with and without lysosomal inhibition for each treatment or genetic condition, as described previously \[[@bib22]\]. To inhibit lysosomal function, media containing 50 nmol/L Bafilomycin A1 (Sigma) was added to the cells for 3 h; an equal volume of DMSO was used as a vehicle control.

*Western blot analyses.* Total proteins were extracted from NRC washed with phosphate-buffered saline (PBS) and lysed with Cell Lytic M lysis buffer (Sigma-Aldrich) supplemented with Complete Protease Inhibitor Cocktail (Roche) as described previously \[[@bib15],[@bib21]\]. The lysed cells were homogenized using sonication and centrifuged at 12,000×*g* for 15 min to sediment any insoluble material. The protein content of the cardiomyocyte lysates was measured using the modified Bradford protocol/reagent relative to a BSA standard curve (BioRad). Protein lysates were separated on SDS-PAGE using pre-cast 7.5%--15% Criterion Gels (BioRad) and transferred to PVDF membranes (BioRad). Membranes were blocked for 1 h in 5% non-fat dried milk and exposed to primary antibodies overnight. The following primary antibodies were used for immunoblotting: Drp1 (1:500, 14647, Cell Signalling), OPA1 (1:500, 80471, Cell Signalling), MFN2 (1:1000, 9482, Cell Signalling), HSP60 (1:200, sc-13115, Santacruz), LC3B (1:500, 2775, Cell Signalling), p62 (1:500, GP62-C, Progen), OXPHOS (1:1000, ab110413, Abcam), PDH (1:1000, ab110416, Abcam), OMA1 (1:200, sc-515788, Santacruz), YME1L1 (1:1000, 11510-1-AP, Protein Tech), Atg7 (1:500, SAB4200304, Sigma), GAPDH (1:10000, MAB374, EMD Millipore), LonP1 (1:1000, SAB1411647, Sigma), ClpP (1:200, sc-271284, Santacruz), Paraplegin (1:200, sc-514393, Santacruz), HTRA2 (1:500, AF1458, R&D Systems), Rab24 (1:200, sc-136049, Santacruz), and VCP (1:500, 2648, Cell Signalling). Membranes were then washed, incubated with alkaline-phosphatase-conjugated secondary antibodies (Santa Cruz Biotechnology), developed with ECF reagent (Amersham), and imaged using a ChemiDoc™ Touch Imaging System (BioRad). Ponceau S protein staining on the transfer membrane was used as a loading control. Densitometry analysis of the protein bands on the scanned membrane images was carried out using ImageJ software (NIH, Bethesda, MD).

*Statistics.* Data are expressed as mean ± SEM. All cell culture experiments were repeated in two to three independent experiments. All statistical analysis was conducted in GraphPad Prism 8 software (version 8.4.1 (676)). Data were analyzed for normality using Kolmogorov-Smirnov test. Data passing the normality test were analyzed using two-tailed, unpaired Student\'s t-test (for 2 groups), one-way ANOVA (for 3 groups or more with one variable) and two- or three-way ANOVA (for 3 groups or more with more than one variable) followed by Tukey\'s *post hoc* test. Data failing the normality test were analyzed using Mann Whitney *U* test and Kruskal Wallis test followed by *Bonferroni* correction. *P* values less than 0.05 (95% confidence interval) were considered significant.

3. Results {#sec3}
==========

3.1. Treatment of mdivi-1 decreases expression of the mitochondrial dynamics regulatory protein and suppresses respiration in cardiomyocytes {#sec3.1}
--------------------------------------------------------------------------------------------------------------------------------------------

We performed a temporal study to determine the effects of mdivi-1 on mitochondrial fission and fusion events in cardiomyocytes by treating the neonatal rat primary cardiomyocytes (NRC) with mdivi-1 (100 μmol/L) or vehicle for an extended period of time (0, 3, 6, 12, or 24 h). We selected the concentration of mdivi-1 based on data from an earlier study showing that suppression of Drp1 by mdivi-1 (100 μmol/L) significantly increased the number of cardiomyocytes with elongated mitochondria \[[@bib11]\] and also partially mimicked the effect of Drp1 downregulation in cardiomyocytes \[[@bib11]\]. Interestingly, we observed a time-dependent decreased expression of Drp1 in cardiomyocytes following mdivi-1 treatment ([Fig. 1](#fig1){ref-type="fig"}A and B). Similarly, we also observed proteolytic cleavage of OPA1 isoforms ([Fig. 1](#fig1){ref-type="fig"}A and C) and decreased expression of MFN2 in cardiomyocytes after mdivi-1 treatment ([Fig. 1](#fig1){ref-type="fig"}A and D). A notable finding of our study is that mdivi-1 treatment proteolytically degrades L-OPA1 (a and b isoforms) in cardiomyocytes in a time dependent manner ([Fig. 1](#fig1){ref-type="fig"}A and C).Fig. 1Temporal changes in mitochondrial dynamics regulatory protein expression by mdivi-1 treatment in cardiomyocytes. (**A**) Representative Western blot showing the temporal changes in the expression of mitochondrial dynamics regulatory proteins (Drp1, OPA1, and MFN2) in cardiomyocytes (NRC) treated mdivi-1 (100 μmol/L) or vehicle at different time points (3, 6, 12, or 24 h). Densitometric quantification showing the expression of (**B**) Drp1, (**C**) OPA1, and (**D**) MFN2 in cardiomyocytes. HSP60 was used as a house keeping protein for mitochondria and GAPDH was used as a loading control to confirm approximately equal loading across the samples (n = 4). Bars represent mean ± SEM. *P* values were determined by one-way ANOVA followed by Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 1

Altered mitochondrial dynamics have been shown to lead to mitochondrial dysfunction. To ascertain this, we treated the cardiomyocytes with mdivi-1 (100 μmol/L) or vehicle for 24 h and monitored mitochondrial respiration. Real‐time monitoring of the mitochondrial oxygen consumption rate (OCR) showed that basal respiration, representing the sum of all physiological mitochondrial oxygen consumption, was decreased in the mdivi-1-treated cardiomyocytes, indicating lower respiratory function compared to those in the vehicle group ([Fig. 2](#fig2){ref-type="fig"}A and B). We also observed a decreased FCCP-stimulated OCR. The addition of FCCP uncouples respiration from oxidative phosphorylation, allowing the measurement of maximal OCR, and providing evidence of lower overall mitochondrial activity ([Fig. 2](#fig2){ref-type="fig"}C). ATP turnover as measured by subtracting the ATP‐linked respiration from the basal OCR was significantly decreased by mdivi-1 treatment, indicating a minor mitochondrial contribution to the generation of ATP in these cardiomyocytes ([Fig. 2](#fig2){ref-type="fig"}D). The maximum respiration calculated by nonmitochondrial respiration subtracted from the FCCP‐stimulated OCR was also significantly lower in mdivi-1 treated cardiomyocytes ([Fig. 2](#fig2){ref-type="fig"}E). Overall, we found that treatment with mdivi-1 resulted in suppression of mitochondrial respiration, leading to functionally compromised mitochondria in cardiomyocytes.Fig. 2**Suppression of mitochondrial respiration by mdivi-1 in cardiomyocytes.** (**A**) Mitochondrial oxygen consumption rate (OCR) profile measured in cardiomyocytes treated with mdivi-1 (100 μmol/L) or vehicle for 24 h. Arrows indicate sequential addition of oligomycin (1 μmol/L), FCCP (\[carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone\]; 4 μmol/L), and rotenone (0.5 μmol/L) plus antimycin A (0.5 μmol/L). OCR profiles are expressed as picomoles oxygen per minute per μg of protein. Key parameters of respiration including (**B**) basal respiration, (**C**) FCCP-linked respiration, (**D**) ATP turnover, and (**E**) maximal respiration were significantly reduced by mdivi-1 treatment (n = 5 wells per group). Bars represent mean ± SEM. *P* values were determined by two-tailed unpaired Student\'s *t*-test.Fig. 2

3.2. Treatment with mdivi-1 as well as Drp1 knockdown in cardiomyocytes alters the expression of both OXPHOS and PDH complex proteins {#sec3.2}
-------------------------------------------------------------------------------------------------------------------------------------

The decreased mitochondrial respiration may be the result of a defect in the electron transport chain (ETC) in the inner mitochondrial membrane. Therefore, we also observed the temporal changes in the expression of the oxidative phosphorylation system (OXPHOS) following mdivi-1 treatment in cardiomyocytes ([Fig. 3](#fig3){ref-type="fig"}A). We observed decreased expression of Complex I, and Complex II of the OXPHOS complex after mdivi-1 treatment in cardiomyocytes ([Fig. 3](#fig3){ref-type="fig"}A and B). Similar to OXPHOS, the expression of the E1α/β subunit protein of the pyruvate dehydrogenase (PDH) complex was significantly decreased by mdivi-1 treatment. Expression of the E3bp and E2 subunits of PDH complex proteins remain unchanged ([Fig. 3](#fig3){ref-type="fig"}A and C). Ponceau S staining of proteins was used to confirm equal loading. We also measured the effect of mdivi-1 on PDH complex expression in isolated rat and mouse adult cardiomyocytes. Similarly to neonatal cardiomyocytes, we observed altered expression of the components of the PDH complex following mdivi-1 treatment (12 h) ([Supplementary Fig. S1](#appsec1){ref-type="sec"}). Collectively, we found that the defective mitochondrial respiration ([Fig. 2](#fig2){ref-type="fig"}) in the mdivi-1 treated cardiomyocytes was associated with altered expression of some components of OXPHOS and PDH complex proteins. We also measured the mdivi-1 induced generation superoxide in cardiomyocytes due to the decreased expression of Complex I. In fact, cardiac-specific complex I knockout mice (*Ndufs4*) had a decreased Complex I activity resulting in increased production of superoxide \[[@bib25],[@bib26]\]. Primary fibroblasts isolated from *Ndufs4* null mice displayed increased superoxide levels \[[@bib27]\]. Measurement of the superoxide in mdivi-1- (for 24 h) or vehicle-treated cardiomyocytes using the MitoSOX Red staining showed a significantly increased level of superoxide generation by mdivi-1 ([Fig. 3](#fig3){ref-type="fig"}D).Fig. 3**Temporal changes in OXPHOS and PDH complex protein expression by mdivi-1 treatment in cardiomyocytes**. (**A**) Representative Western blot images showing OXPHOS and PDH complex protein expression in vehicle or mdivi-1 treated (100 μmol/L) NRC at different time points (3, 6, 12, or 24 h). Densitometric quantification showing that mdivi-1 induced temporal changes in the expression of (**B**) OXPHOS complex proteins: Complex I, Complex II, Complex III, and Complex V, and (**C**) PDH complex proteins: E1α/β, E3bp, and E2. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 8). (**D**) Representative fluorescence images of MitoSOX Red-stained cardiomyocytes to visualize mitochondrial superoxide production after mdivi-1 treatment. Data quantification for the fold change in mean fluorescence intensity/μm \[[@bib2]\] with respect to the vehicle-treated group (n = 61 cells in vehicle and 85 in mdivi-1). Scale bars = 20 μm. Bars represent mean ± SEM. *P* values were determined by one-way ANOVA followed by Tukey\'s *post hoc* test. *NS* = non-significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

As an earlier study suggested that prolonged suppression of Drp1 by mdivi-1 (100 μmol/L) partially mimics the effect of Drp1 downregulation in cardiomyocytes \[[@bib11]\], we also knocked down Drp1 in cardiomyocytes using siRNA transfection. We tested three different types of Drp1 siRNAs. Western blot analysis indicated 80% knockdown of endogenous Drp1 in NRC at 4 days post-transfection with 10 nmol/L Drp1 siRNA ([Fig. 4](#fig4){ref-type="fig"}A). Drp1 siRNA knockdown in cardiomyocytes resulted in decreased expression of fusion proteins OPA1 and MFN2. Despite the decreased expression, no proteolytic degradation of L-OPA was observed, unlike what was seen with mdivi-1-treated cardiomyocytes ([Fig. 1](#fig1){ref-type="fig"}). We also observed increased expression of autophagy regulatory adapter protein p62. Next, we tested the effects of Drp1 siRNA knockdown on the expression of OXPHOS and PDH complex proteins in cardiomyocytes ([Fig. 4](#fig4){ref-type="fig"}B and C). Similar to the effect of mdivi-1 in cardiomyocytes, all of these different Drp1 siRNAs showed a decreased expression of Complex I, and siRNA 2 and 3 showed a decreased level of Complex II ([Fig. 4](#fig4){ref-type="fig"}B and C). The expression of the E1α/β subunit protein of the PDH complex was also significantly decreased by Drp1 knockdown, similar to observations following treatment with mdivi-1. Ponceau S staining of proteins was used to confirm equal loading ([Fig. 4](#fig4){ref-type="fig"}B and C). Drp1 siRNA knockdown mediated altered expression of OXPHOS and PDH proteins, which suggests that mdivi-1 plays a direct role in Drp1 to alter the expression of these proteins.Fig. 4**Drp1 knockdown by siRNA in cardiomyocytes alters OXPHOS and PDH protein expression.** (A) Representative Western blot and densitometric quantification showing siRNA knockdown of Drp1 (10 nmol/L) in cardiomyocytes. Western blot showing that siRNA knockdown of Drp1 in cardiomyocytes alters the expression of mitochondrial fusion regulatory proteins (Mfn2 and OPA1) and autophagy proteins (LC3bII and p62). (B) Representative Western blot and densitometric quantification showing the expression of OXPHOS and PDH complex proteins in Drp1 siRNA knockdown cardiomyocytes. Drp1 siRNA knockdown significantly decreased Complex I and Complex II of OXPHOS and E1α/β of PDH complex in cardiomyocytes. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 6). Bars represent mean ± SEM. *P* values were determined by one-way ANOVA followed by Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 4

3.3. Treatment with mdivi-1 inhibits macro-autophagy flux in cardiomyocytes {#sec3.3}
---------------------------------------------------------------------------

Evidence for Drp1-dependent regulation of macro-autophagy was demonstrated by the observation that Drp1 downregulation in cardiomyocytes significantly reduced Atg7-induced increases in autophagosomes and autolysosomes \[[@bib11]\]. Our temporal study of autophagy regulatory protein expression showed gradual accumulation of p62 and LC3B II in cardiomyocytes ([Fig. 5](#fig5){ref-type="fig"}A). The mdivi-1-induced time-dependent increase in LC3B II expression indicated the accumulation of autophagosomes and autolysosomes resulting from either activation of autophagosome synthesis or blockade of a downstream autophagic degradation process \[[@bib22]\]. To distinguish between these two possibilities, we performed an autophagy flux assay in mdivi-1- or vehicle-treated cardiomyocytes using Bafilomycin A1 (BafA1, 50 nmol/L for 3 h) to inhibit lysosomal degradation followed by determination of LC3B II levels using Western blot analysis ([Fig. 5](#fig5){ref-type="fig"}B). Treatment of vehicle-treated cardiomyocytes with BafA1 resulted in a significant increase in LC3B II levels, reflecting autophagic flux in cardiomyocytes under basal conditions. However, mdivi-1-treated cardiomyocytes demonstrated no increase in LC3B II levels following BafA1 treatment, suggesting that accumulation of autophagosomes/autolysosomes occurred due to inhibition of autophagic degradation ([Fig. 5](#fig5){ref-type="fig"}B). The autophagy flux assay showed inhibition of autophagic activity in mdivi-1-treated NRC.Fig. 5**Mdivi-1 inhibits autophagy flux in cardiomyocytes**. (A) Representative Western blot and densitometric quantification of the gradual accumulation of autophagy regulatory proteins (p62 and LC3B) in cardiomyocytes (NRC) treated with mdivi-1 (100 μmol/L) or vehicle at different time points (3, 6, 12, or 24 h). GAPDH was used as a loading control to confirm approximately equal loading across the samples (n = 4). (B) Inhibition of autophagic flux by mdivi-1 (100 μmol/L, 24 h) in NRC examined by immunoblotting of LC3B II. Bafilomycin A1 (50 nmol/L) was added for 3 h to block lysosomal degradation. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). Bars represent mean ± SEM. *P* values were determined by two-way ANOVA followed Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 5

Next, we wanted to confirm whether mdivi-1 directly inhibits macro-autophagy, so we performed a rescue experiment by activating autophagy by overexpressing autophagy-related 7 (Atg7), a critical and rate-limiting autophagy protein \[[@bib28]\]. We generated replication-deficient Atg7 adenovirus and confirmed expression levels in NRC by increasing concentrations of adenoviral infections (0--10 multiplicity of infection (MOI)) ([Fig. 6](#fig6){ref-type="fig"}A). The autophagy flux assay carried out in Atg7 overexpressed (10 MOI) NRC confirmed that Atg7 overexpression could induce autophagy activity in cardiomyocytes. Interestingly, Atg7 overexpression resulted in an Atg7 expression-dependent increased level of p62 expression in cardiomyocytes ([Fig. 6](#fig6){ref-type="fig"}B). To confirm the direct role of mdivi-1 in macro-autophagy, we treated Atg7 overexpressed cardiomyocytes with mdivi-1 (100 μmol/L) or vehicle and then performed the autophagy flux assay using BafA1. The autophagy flux assay showed that adenoviral overexpression of Atg7 in cardiomyocytes could partially rescue the mdivi-1-induced impaired autophagy flux ([Fig. 6](#fig6){ref-type="fig"}C). Interestingly, mdivi-1 treatment in Atg7 overexpressed cardiomyocytes showed further increased expression of p62 ([Fig. 6](#fig6){ref-type="fig"}C). Overall, these data suggest that mdivi-1 inhibits macro-autophagy, which can be partially rescued by autophagy activation.Fig. 6**Induction of autophagy flux by Atg7 overexpression in mdivi-1-treated cardiomyocytes.** (A) Western blot showing adenovirus-mediated overexpression of Atg7 in cardiomyocytes at different MOI (0.1, 0.5, 1.0, 2.5, 5.0, and 10.0 MOI). Atg7 overexpression induced p62 expression in NRC, and GAPDH was used as a loading control (n = 3). (B) Induction of autophagic flux by Atg7 overexpression in NRC examined by immunoblotting of LC3B II. Bafilomycin A1 (50 nmol/L) was added for 3 h to block lysosomal degradation. GAPDH was used as a loading control to conform to approximately equal loading across the gel (n = 3). (C) Autophagic flux assay in Atg7 overexpressing cardiomyocytes with or without mdivi-1 treatment (100 μmol/L, 24 h) using BafA1. Representative Western blot and densitometric quantification showing that Atg7 overexpression in cardiomyocytes partially rescued mdivi-1-induced altered autophagy and also further induced p62 expression in NRC. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). Bars represent mean ± SEM. *P* values were determined by three-way ANOVA followed Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 6

As mdivi-1 treatment, as well as autophagy induction, led to increased p62 expression, we wanted to determine the role of p62 in mdivi-1-mediated impaired macro-autophagy. Therefore, we knocked down p62 in cardiomyocytes with siRNA transfection using three different types of p62 siRNAs. Western blot analysis indicated almost complete knockdown of endogenous p62 in NRC at 5 days post-transfection with p62 siRNA (10, 25, or 50 nmol/L) ([Fig. 7](#fig7){ref-type="fig"}A). Autophagy flux assays in p62 siRNA (10 nmol/L) knockdown NRC confirmed that p62 is required to induce autophagic activity in cardiomyocytes ([Fig. 7](#fig7){ref-type="fig"}B). Atg7 overexpression resulted in an increased level of p62 along with the activation of autophagy in cardiomyocytes. Therefore, we knocked down p62 using siRNA and then overexpressed Atg7 in cardiomyocytes to monitor the necessity for p62 in autophagy induction by Atg7. Interestingly, the autophagy flux assay showed decreased flux by the p62 siRNA knockdown in Atg7 overexpressing cardiomyocytes ([Fig. 7](#fig7){ref-type="fig"}C). Next, we determined the role of p62 in the effect of mdivi-1 on macro-autophagy, by treating cells with mdivi-1 (100 μmol/L) and performing autophagy flux in NRC with the p62 siRNA knockdown as well as in Atg7 overexpressing cardiomyocytes with the p62 siRNA knockdown. In fact, mdivi-1 treatment in p62 siRNA knockdown and p62 siRNA knockdown in Atg7 overexpressing cardiomyocytes prevented induction of autophagy flux ([Fig. 7](#fig7){ref-type="fig"}D). Therefore, p62 plays an important role in macro-autophagy activation as p62 siRNA knockdown abrogated the Atg7-induced autophagy flux in cardiomyocytes with or without mdivi-1.Fig. 7**p62 required for Atg7-mediated rescue of autophagy in mdivi-1-treated cardiomyocytes.** (**A**) Representative Western blot showing p62 knockdown in cardiomyocytes by siRNA transfection at three different doses (10, 25, or 50 nmol/L). GAPDH was used as a loading control. (**B**) Decreased autophagic flux by p62 siRNA knockdown in NRC examined by immunoblotting of LC3B II. Bafilomycin A1 (50 nmol/L) was added for 3 h to block lysosomal degradation. GAPDH was used as a loading control to confirm approximately equal loading across the gel (n = 3). (**C**) Autophagy flux assay in p62 siRNA knockdown (10 nmol/L, siRNA 2) in Atg7 adenoviral (10 MOI) overexpressing cardiomyocytes showed decreased autophagy flux, indicating that p62 is partly required for Atg7-dependent activation of autophagic flux in cardiomyocytes. (**D**) Autophagy flux assay in p62 siRNA knockdown and p62 knockdown on Atg7 overexpressing cardiomyocytes with or without mdivi-1 treatment (100 μmol/L for 24 h). Representative Western blot and densitometric quantification showing that p62 knockdown was unable to induce autophagy in Atg7 overexpressing cardiomyocytes. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). Bars represent mean ± SEM. *P* values were determined by three-way ANOVA followed Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 7

3.4. Involvement of altered expression of mitochondrial serine proteases by mdivi-1 in L-OPA1 proteolytic processing {#sec3.4}
--------------------------------------------------------------------------------------------------------------------

We found that induction of autophagy by Atg7 overexpression as well as p62 siRNA knockdown did not affect the mdivi-1-dependent proteolytic processing of L-OPA1 in cardiomyocytes ([Fig. 8](#fig8){ref-type="fig"}A). Treatment with mdivi-1 has been reported to significantly decrease mitochondrial membrane potential (ΔΨ) \[[@bib29]\], and we found that it increased mitochondrial superoxide production. Both decreased membrane potential and increased superoxide activation in mitochondria have been reported to activate the serine proteases involved in OPA1 processing \[[@bib30]\]. Therefore, we observed the temporal changes in the expression of mitochondrial serine proteases in different mitochondrial compartments, including the mitochondrial inner membrane (OMA1 and YME1L1), the intermembrane space (HtrA2), and the matrix (LonP1, ClpP, and Paraplegin) ([Fig. 8](#fig8){ref-type="fig"}B--J). The temporal study demonstrated the time-dependent decrease in the expression of all of these mitochondrial proteases except paraplegin ([Fig. 8](#fig8){ref-type="fig"}B--H). We also observed a significant decrease in the expression of AAA-ATPase VCP (valosin-containing protein), which is essential for outer mitochondrial membrane protein turnover \[[@bib31]\], and small Rab GTPase Rab24 (Ras-related protein Rab-24), which is involved in mitochondrial fission and activation \[[@bib32]\]. Temporal changes in expression of these mitochondrial serine proteases showed a significant decrease in the expression of OMA1 as early as 3 h after mdivi-1 treatment.Fig. 8**OPA1 proteolytic cleavage by mdivi-1 treatment associated with altered expression of mitochondrial proteases.** (**A**) Representative Western blot and densitometric quantification showing that mdivi-1 (100 μmol/L, 24 h) induced proteolytic cleavage of L-OPA1 under the autophagy-modifying conditions induced by Atg7 overexpression, p62 siRNA knockdown, and p62 siRNA knockdown on Atg7 overexpression in cardiomyocytes. Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). (**B**) Representative Western blot showing that mdivi-1 (100 μmol/L) induced temporal changes in the expression of different mitochondrial proteases, ATPases, and GTPases in cardiomyocytes at different time points (3, 6, 12, or 24 h). Densitometric quantification showing that mdivi-1 treatment induced temporal changes in (**C**) OMA1, (**D**) YME1L1, (**E**) HtrA2, (**F**) LonP1, (**G**) ClpP1, (**H**) paraplegin, (**I**) VCP, and (**J**) Rab24. HSP60 was used as a house keeping protein for mitochondria and Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). Bars represent mean ± SEM. *P* values were determined by one-way ANOVA followed by Tukey\'s *post hoc* test.*NS* = non-significant.Fig. 8

Among these mitochondrial serine proteases, the proteolytic processing of L-OPA1 is mediated by the activity of two mitochondrial inner membrane proteases: OMA1 \[[@bib7]\] and YME1L1 \[[@bib6]\], both of which play a critical role in the regulation of mitochondrial dynamics. Our study showed a correlation between L-OPA proteolytic degradation and OMA1 processing, both of which decreased significantly as early as 3 h after mdivi-1 treatment. Studies have demonstrated that OMA1 and YME1L1 are activated by the loss of the mitochondrial membrane potential, alterations in the production of ROS, and alterations in cellular levels of ATP. Depolarization of the mitochondrial membrane potential as observed by treatment with the ionophore carbonyl cyanide *m*-chlorophenylhydrazone (CCCP) results in the loss of L-OPA1 in an OMA1-dependent manner \[[@bib7]\]. Similar to the effect of mdivi-1 in cardiomyocytes, CCCP (10 μmol/L) treatment of cardiomyocytes decreases the L-OPA breakdown in a time-dependent manner ([Fig. 9](#fig9){ref-type="fig"}A). In contrast, the treatment of cardiomyocytes with antimycin A (AA) (10 μmol/L), which also decreased the mitochondrial membrane potential, did not result in L-OPA processing ([Fig. 9](#fig9){ref-type="fig"}B). Earlier studies also showed that the addition of antimycin A (AA) (10 μmol/L) did not efficiently stimulate L-OPA1 processing by OMA1 \[[@bib33]\]. Next, we exposed the mdivi-1-treated cardiomyocytes (100 μmol/L, 24 h) to CCCP (10 μmol/L, 3 h) or AA (10 μmol/L, 3 h). Interestingly, both the group treated with CCCP plus mdivi-1 and the group treated with AA-plus mdivi-1 showed proteolytic cleavage of L-OPA1 at a level similar to that observed in the groups treated with either CCCP or mdivi-1 alone. Therefore, addition of either CCCP or AA did not further change the expression of OPA1 compared to results seen in the group treated with mdivi-1 alone. Interestingly, the decreased expression of OMA1 and YME1L1 in these groups was similar to that of the mdivi-1-treated group ([Fig. 9](#fig9){ref-type="fig"}D). We used the OMA1 and YME1L1 temporal expression data with mdivi-1 treatment ([Fig. 8](#fig8){ref-type="fig"}C and D) as a control group for the effect of CCCP and AA in mdivi-1-treated cardiomyocytes in [Fig. 9](#fig9){ref-type="fig"}D. Overall, our data suggest that mdivi-1 may activate OMA1 by autocatalytic proteolysis of OMA1, resulting in OMA1-mediated L-OPA degradation by a mechanism similar to that observed with CCCP \[[@bib30]\].Fig. 9**Depolarization of the mitochondrial membrane by midivi-1 associated with L-OPA1 proteolytic degradation.** (**A, B**) Representative Western blot showing changes in expression of OPA1, MFN2, and Drp1 in CCCP (10 μmol/L for 1 or 3 h) or vehicle-treated cardiomyocytes. GAPDH was used as a loading control (n = 4). (**B**) Representative Western blot showing changes in expression of OPA1, MFN2, and Drp1 in Antimycin A (AA) (10 μmol/L for 1 or 3 h) or vehicle-treated cardiomyocytes. GAPDH used as a loading control (n = 4). (**C**) Representative Western blot and densitometric quantification showing changes in expression levels of OPA1, LC3BII, and p62 in cardiomyocytes treated with mdivi-1 (100 μmol/L for 24 h) followed by CCCP (10 μmol/L for 3 h) or AA (10 μmol/L for 3 h). GAPDH was used as a loading control. (**D**) Representative Western blot and densitometric quantification showing temporal changes in expression levels of OMA1 and YME1L1 (data from [Fig. 8](#fig8){ref-type="fig"} used as a control) as well as cardiomyocytes treated with mdivi-1 (100 μmol/L, 24 h) along with CCCP (10 μmol/L, 3 h) or AA (10 μmol/L, 3 h). Ponceau S protein staining of the membrane after transfer was used as a loading control to confirm approximately equal loading across the gel (n = 4). Bars represent mean ± SEM. *P* values were determined by one-way ANOVA followed by Tukey\'s *post hoc* test. *NS* = non-significant.Fig. 9

4. Discussion {#sec4}
=============

In our study, we made the following novel findings: (1) Mdivi-1 treatment in primary neonatal cardiomyocytes decreased Drp1 expression in a time-dependent manner, proteolytically cleaved L-OPA1, and decreased MFN2 expression. Along with the altered mitochondrial dynamics in regulatory protein expression, mdivi-1 treatment results in decreased mitochondrial respiration in cardiomyocytes associated with the decreased expression of Complex I and Complex II of OXPHOS and the E1α/β subunit of the PDH complex. The altered expression of OXPHOS and the PDH complex proteins may be directly associated with decreased Drp1 expression as Drp1 siRNA knockdown in cardiomyocytes showed similar effects. (2) Mdivi-1 increased the accumulation of autophagy protein p62 and LC3B II in a time- and dose-dependent manner. Autophagy flux assay showed autophagy flux impaired by mdivi-1, which can be restored by Atg7 overexpression in cardiomyocytes. However, p62 is required for Atg7 overexpression-induced rescue of mdivi-1-mediated impaired autophagy flux. (3) Mdivi-1 dependent proteolytic processing of L-OPA is associated with increased mitochondrial oxidative stress and altered expression of mitochondrial serine/proteases. Overall, our data show the pleiotropic effects of mdivi-1 in the impairment of mitochondrial respiration and OXPHOS, proteolytic processing of L-OPA, impairment of autophagic activity, and alteration of mitochondrial serine/proteases in cardiomyocytes.

Along with the decreased Drp1 expression in cardiomyocytes, we observed time-dependent proteolytic cleavage in L-OPA and also decreased expression of MFN2. We found that mdivi-1 treatment decreased the expression of Drp1 in cardiomyocytes in a time-dependent manner. In fact, suppression of Drp1 by mdivi-1 (50 or 100 μmol/L) has been shown to significantly increase the number of cardiomyocytes with elongated mitochondria \[[@bib11]\]. A higher dose (100 μmol/L) combined with prolonged treatment with mdivi-1 (50 μmol/L every 24 h for 1 week) partially mimics the effect of Drp1 downregulation in cardiomyocytes \[[@bib11]\]. Similarly, a recent study showed that mdivi-1 treatment (12.5--100 μmol/L) reduced the expression in a dose-dependent manner of both full-length Drp1 and phosphorylated Drp1, reduced mitochondrial fission, and enhance mitochondrial fusion activity in N2a cells \[[@bib34]\]. Moreover, mdivi-1-treated N2a cells showed significantly reduced mitochondrial number and increased length of mitochondria, probably because of reduced GTPase Drp1 enzymatic activity \[[@bib34]\]. Despite data supporting the inhibition of mitochondrial fission, studies have also reported that mdivi-1 treatment of COS-7 cells and primary neurons exhibited no effect on the steady-state mitochondrial morphology \[[@bib19]\]. Mdivi-1 showed no effect on the mitochondrial size of cortical neurons, nor did it show any effect on mitochondrial morphology following prolonged incubation (1, 2, 6, or 24 h) on COS-7 cells. Additionally, it was unable to prevent mitochondrial fragmentation induced by staurosporine \[[@bib19]\]. Moreover, several studies reported that the effects of mdivi-1 were independent of DRP1 inhibition or mitochondrial fusion induction, including alteration of apoptosis, cell division, and viability \[[@bib29]\]. Treatment with mdivi-1 has been reported to significantly decreased mitochondrial membrane potential (ΔΨ) in cholangiocarcinoma cell lines \[[@bib29]\]. In addition, mdivi-1 retards apoptosis by inhibiting mitochondrial outer membrane permeabilization by blocking Bid-activated Bax/Bak-dependent cytochrome *c* release from mitochondria \[[@bib12]\]. Studies have suggested that mdivi-1 directly regulates mitochondrial outer membrane permeabilization independent of Drp1-mediated division \[[@bib12]\]. In several cancer cell lines, mdivi-1 treatment decreased cancer cell proliferation, increasing cell death and apoptosis through the repression of oxidative metabolism, which was independent of DRP1 inhibition or mitochondrial fusion induction \[[@bib35]\]. On the other hand, treatment with mdivi-1 also prevented the apoptosis induced by ischemia-reperfusion injury in primary hippocampal cells via inhibition of a reactive oxygen species-activated mitochondrial pathway \[[@bib36]\]. All of these studies demonstrate the varied as well as opposing effects of mdivi-1 under different pathological and experimental settings. Therefore, extensive studies focusing on the effects of mdivi-1 in healthy cells are required to understand and minimize the off target and long term effects associated with its use clinically in treatment.

We found that mdivi-1 significantly reduces mitochondrial respiration in cardiomyocytes. Mitochondrial inner membrane ETC participates in oxidative phosphorylation and produces ATP. The reduced respiration is associated with the altered OXPHOS (Complex I and II) and PDH (E1α/β) complex protein expression as the result of treatment with mdivi-1 in cardiomyocytes. Similar to the mdivi-1-mediated altered expression of OXPHOS and the PDH complex, the siRNA knockdown of Drp1 in cardiomyocytes showed a similar trend suggesting a Drp1-dependent effect. A recent study showed mdivi-1-mediated impairment of mitochondrial respiration, suggesting that mdivi-1 reversibly inhibits mitochondrial Complex I-dependent oxygen consumption \[[@bib19]\]. The superoxide generation by mdivi-1 may involve the decreased expression of Complex I as supported by a study showing that cardiac-specific Complex I knockout mice (*Ndufs4*) had a decrease of \~50% in Complex I activity resulting in increased production of superoxide \[[@bib25],[@bib26]\]. Similar to our findings, MitoSOX staining quantification in MCF7 cells revealed that exposure to different concentrations of mdivi-1 significantly increased mitochondrial superoxide production compared to that seen in vehicle-treated cells \[[@bib37]\]. mdivi-1 has also been shown to impair DNA replication and repress mitochondrial respiration independent of Drp1 in multidrug-resistant tumor cells \[[@bib20]\]. In contrast, mdivi-1 (10 μmol/L) treatment, as well as exposure to Drp1 siRNA and dominant-negative Drp1 in human neuronal SK cells subjected to high-glucose conditions (50 mmol/L), increased Complex I activity and mitochondrial density \[[@bib18]\]. Moreover, treatment with mdivi-1 (25 mg/kg or 10 mg/kg once daily for 2 weeks) resulted in significantly increased mitochondrial content, Complex I enzymatic activity, and ATP levels in the *db/db* mouse hippocampus \[[@bib18]\]. All of these studies demonstrate context- and cell type-dependent molecular functions of mdivi-1 mediated through Drp1 dependent/independent pathways.

Drp1 plays an essential role in mediating Parkin-induced mitophagy in mouse embryonic fibroblast (MEF) cells \[[@bib38]\] and Bnip3-induced mitophagy in adult cardiomyocytes \[[@bib39]\]. Apart from the mitophagy, Drp1\'s dependent regulation of macro-autophagy is evident by the finding that Drp1 downregulation in cardiomyocytes significantly reduced Atg7-induced increases in autophagosomes and autolysosomes \[[@bib11]\]. In fact, we found that mdivi-1 treatment reduced the Atg7-induced autophagy flux and also induced accumulation of p62 in cardiomyocytes. We found that p62 plays an important role in autophagy activation as p62 siRNA knockdown abrogated the Atg7 induced autophagy flux in cardiomyocytes with or without mdivi-1. Studies support the idea that Drp1 may regulate macro-autophagy through regulation of the Bcl-xL: Beclin 1 interaction \[[@bib11]\]. Drp1 has been shown to physically interact with Bcl-xL in neurons \[[@bib40]\] and Bcl-xL is known to inhibit autophagy through its binding to Beclin1 \[[@bib41]\]. A recent study using coimmunoprecipitation assays also confirmed that Drp1physically interacts with Bcl-2 and Bcl-xL in cardiomyocytes. Using Drp1 overexpression and knockdown in cardiomyocytes, they found that the downregulation of Drp1 augmented the physical interaction between Beclin1 and Bcl-2 or Bcl-xL, whereas increased expression of Drp1 inhibited the interaction \[[@bib11]\]. These studies suggest that mdivi-1-mediated inhibition/downregulation of Drp1 may inhibit autophagy through a Bcl-xL-dependent mechanism, most likely by enhancing interaction between Beclin1 and Bcl-xL. However, further studies are required to dissect the molecular mechanism and role of mdivi-1 to differentially regulate macro-autophagy/mitophagy.

Another novel finding of our study is that mdivi-1 treatment proteolytically degraded L-OPA in a time-dependent manner. We found no effect of autophagy activation or inhibition on mdivi-1-induced L-OPA breakdown. Interestingly, we found a gradual decrease in the expression of key serine/proteases residing in the mitochondrial intermembrane space (HtrA2), inner membrane (YME1L1, and OMA1), and matrix (LonP1 and ClpP). Notably, among these mitochondrial serine proteases, the proteolytic processing of OPA1 is mediated by the activity of two mitochondrial inner membrane proteases, including YME1L1 \[[@bib6]\] and OMA1 \[[@bib7]\]. Studies have demonstrated that cells treated with the protonophore CCCP depolarize mitochondria and reduce cellular ATP, which activates the OMA1 protease involving autocatalytic processing of the OMA1 protease \[[@bib42]\], allowing rapid processing of OMA1 substrates such as OPA1 \[[@bib7],[@bib43]\]. YME1L1 degradation is induced by cellular insults that depolarize mitochondria and deplete ATP through a mechanism involving the mitochondrial protease OMA1 \[[@bib44]\]. The decreased YME1L1 may increase cellular sensitivity to subsequent oxidative stress, leading to the development of mitochondrial dysfunction through alterations in mitochondrial proteostasis and quality control \[[@bib44]\]. In fact, we observed mdivi-1-induced proteolytic degradation of L-OPA similar to that observed following CCCP treatment in cardiomyocytes. However, mdivi-1 treatment, along with treatment with CCCP or AA, did not further aggravate the OPA1 processing or the expression of OMA1 and YME1L1 in cardiomyocytes. Therefore, the mdivi-1-induced proteolytic processing of L-OPA1 isoforms through differential stress sensitivities of YME1L1 and OMA1 may be an adaptive process developed to maintain mitochondrial morphology.

A potential limitation of the pleiotropic effect of mdivi-1 observed in this study is that it is confined to primary neonatal cardiomyocytes whose physiology differs from that of adult cardiomyocytes and other cell types. Moreover, the molecular mechanism responsible for OPA1/MFN2 altered expression in Drp1 siRNA knockdown cardiomyocytes remains unknown. Future studies are needed to define the molecular signature associated with mdivi-1\'s mitochondrial division inhibition-independent effects, using comprehensive and unbiased proteomics, RNAseq, and metabolomics studies. Though the disappearance of L-OPA1 caused by midivi-1 suggests proteolytic cleavage by proteases, it is not known whether mdivi-1 also affects L-OPA synthesis or the molecular mechanisms associated with it. However, mdivi-1 provides a very useful tool to study mitochondrial dynamics and our study provides evidence for some new mitochondrial fission-independent effects of mdivi-1 that need to be extensively characterized. Despite these limitations, our findings of the pleiotropic effects of mdivi-1 in altering mitochondrial dynamics, respiration, and autophagy in cardiomyocytes provides increased evidence for caution in their therapeutic use in clinical settings.

In summary, we found some novel pleiotropic effects of mdivi-1 in cardiomyocytes including: 1) decreased expression of OXPHOS complex protein and superoxide production, leading to impaired mitochondrial respiration; 2) impairment of macro-autophagy flux, which can be rescued by autophagy activation, which requires p62 for induction; and 3) an association between L-OPA proteolytic degradation and mitochondrial proteases, including OMA1 and YME1L1, which are known to involved in this process. Although mdivi-1-mediated decreased mitochondrial membrane potential (ΔΨ) \[[@bib29]\] and increased superoxide production may be responsible for activating these proteases, further studies are required to dissect the molecular mechanism responsible for the mdivi-1-induced alterations and/or activations of mitochondrial proteases.
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